Introduction
============

Recent comparative genome analyses of Stramenopiles have facilitated initial insights into the evolution and lifestyle of the individual species within this lineage and in particular of pathogenic oomycetes ([@bib59]; [@bib39]; [@bib26]; [@bib22]; [@bib51]). The extensive Stramenopile lineage comprises species that cover diverse ecological niches and lifestyles ranging from photosynthetic diatoms and brown algae to filamentous heterotrophic oomycetes. According to the controversial Chromalveolate hypothesis, Stramenopiles are grouped together with other chlorophyll-c containing lineages such as Crypophytes, Alveolates, and Haptophytes into one monophyletic supergroup ([@bib7]; [@bib33]), sometimes also referred to as CASH. This grouping has been rationalized on the hypothesis that the last common ancestor (LCA) of these lineages acquired its plastid from a single initial event of secondary endosymbiosis with a red alga that has been subsequently inherited strictly vertically. Consequently, plastid-lacking species within CASH lineages have lost their plastids secondarily and independently. The competing serial eukaryotic---eukaryotic endosymbiotic (SEEE) hypothesis proposes an independent spread of plastids within CASH lineages, and hence, dependent on the time point of acquisition, no secondary losses are needed to explain the lack of plastids in several taxa throughout all lineages ([@bib8]; [@bib3]; [@bib4]).

The plastid-lacking oomycetes are saprophytes or pathogens of plants and animals with huge economical as well as ecological impact ([@bib25]). Well known are the notorious late blight pathogen *Phytophthora infestans* that infects both tomato and potato and the animal pathogen *Saprolegnia parasitica* that causes saprolegniasis, for example, in salmon. Within the oomycetes studied so far, the genomes of *Phytophthora* spp. have by far the largest genomes, ranging from 65 up to 240 Mb ([supplementary additional file 1A](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). This broad variation in genome sizes is also observed among fungi, many of which are pathogens that exploit infection strategies similar to oomycetes ([@bib35]). Within Ascomycetes, for example, the rice blast fungus *Magnaporthe grisea* has a relatively small genome (38 Mb, ∼12,000 predicted genes), whereas the recently sequenced genome of the obligate biotrophic powdery mildew fungus *Blumeria graminis* is considerably larger (∼100 Mb); the expansion is mainly caused by transposable elements ([@bib53]; [@bib16]). It has been speculated that *Phytophthora* spp. might have undergone a whole-genome duplication or at least several large-scale duplications. That, together with their divergent repertoire of transposable elements, probably contributed to the increased genome size and gene content of the *Phytophthora* spp. ([@bib29]; [@bib26]; [@bib38]).

Oomycete pathogens have a large and diverse repertoire of expanded gene families ([@bib59]; [@bib26]; [@bib5]; [@bib36]; [@bib51]). These mainly encode proteins that are secreted and implied to be directly or indirectly involved in pathogenicity, such as the NEP1-like proteins ([@bib21]) or glycoside hydrolases ([@bib44]; [@bib51]). Two notable classes of highly abundant genes that are identified in several oomycete genomes encode secreted proteins characterized by the presence of either the RXLR or the LXLFLAK (Crinkler) motif ([@bib61]; [@bib14]; [@bib28]; [@bib26]). These motifs, located in the N-terminal region of the mature protein, play a role in translocation of the proteins from the apoplast to the cytoplasm of the host cell; however, the process is not yet fully understood ([@bib24]; [@bib31]; [@bib55]).

Initial analyses of the evolution of several pathogenic oomycetes led to the identification of large gene families. However, the individual contributions and the exact sequence of different evolutionary processes such as gene gains, duplications, and losses that caused the enormous increase in gene families sizes are still unknown. We studied these dynamics, and also the general evolution of the gene content, by a phylogenetic approach that reconciled 18,459 individual gene trees that constitute the phylome of Stramenopiles with a reliable species phylogeny. This systematic and comprehensive analysis of the evolutionary events is now feasible because several genomes of oomycetes and their sister lineages have been sequenced, a substantial increase to previous studies. We have utilized the predicted proteomes of six pathogenic oomycetes and four nonpathogenic Stramenochromes ([supplementary additional file 2](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online), a sublineage within the Stramenopiles ([@bib45]). The six oomycetes comprise the fish pathogen *S.parasitica* and five plant pathogens: the necrotrophic wide host range pathogen *Pythium ultimum*, the obligate downy mildew pathogen of *Arabidopsis Hyaloperonospora arabidopsidis*, and three *Phytophthora* species, *P. infestans*, *P. sojae*, and *P. ramorum*. The latter two cause stem and root rot on soybean and sudden oak death, respectively. The four aquatic photosynthetic Stramenochromes include the brown alga *Ectocarpus siliculosus*, the golden-brown alga *Aureococcus anophagefferens*, and two diatoms: *Phaeodactylum tricornutum* and *Thalassiosira pseudonana*. Our phylogeny-based approach resulted in an overview of the fundamental evolutionary dynamics underlying major transition points in the evolution of pathogenic oomycetes and how these differences are reflected in the expansion and contraction pattern of distinct functional classes, such as transcription regulation or carbohydrate metabolism. Moreover, we were able to elucidate the evolutionary history of large gene families in oomycetes, such as glycoside hydrolases and peptidases. These families show distinct evolutionary trajectories that caused their abundance in extant taxa, an observation that would not have been possible solely on parsimony- or abundance-based methods. This, together with our other results, highlights the needs for an advanced phylogeny-based analysis of the expansion of large gene families in the future.

Materials and Methods
=====================

To define protein families in the ten analyzed Stramenopiles, we created a sparse network based on Blast ([@bib1]) all-versus-all sequence similarity search (*e* value cutoff: 1 × 10^−3^). Spurious connections between short segments of similarity were removed, and the network was portioned into families using the Markov clustering algorithm ([@bib60]; [@bib18]). The presence of transposable elements in the proteomes was predicted by two independent methods and families containing at least one identified transposable element was removed.

A maximum likelihood phylogenetic tree was inferred using RAxML ([@bib54]) (v7.0.4) with a gamma model of heterogeneity and Whelan and Goldman amino acid substitution matrix. A phylogenetic marker was created by concatenation of individual alignments of single-copy families derived by mafft ([@bib32]) (L-INS-I algorithm). The robustness of the topology was assessed by 1,000 bootstrap replicates. Relative divergence times within the Stramenopiles were estimated with BEAST under a strict clock model ([@bib15]). The age prior for the last Stramenopile common ancestor (LSCA) was arbitrarily set to 100. We ran ten independent chains with 4,000,000 generations and subsequently averaged the estimates on the relative divergence times. The probability of the deviation between the observed and the expected number of evolutionary events at each branch was assessed by Poisson distribution.

We aligned the individual protein families, subsequently constructed RAxML maximum likelihood trees and assessed the robustness of these with 100 bootstrap replicates. We used NOTUNG ([@bib9]; [@bib17]) (v2.6; 1.5 duplication and 1 loss cost) to reconcile these trees with the species phylogeny. Uncertainties in the protein tree topology were assessed and weakly supported branches (\<80% bootstrap support) were rearranged to minimize duplication/loss costs. Orthologous groups (OGs) were formed based on duplications at the LSCA. Consequently, each OG represents a single gene at LSCA or at the point of gain. All OGs are deposited under <http://bioinformatics.bio.uu.nl/michael/index_supplementary.html>.

Individual OGs were functionally annotated by transfer of clusters of orthologous groups (COG) classification from eggNOG ([@bib43]), by functional annotation of chloroplast-associated proteins via gene ontology utilizing Blast2GO ([@bib11]), and by prediction of secretion signals and/or of host-cell translocation motifs (RxLR/LXLFLAK) or based on differential expression of the encoding genes during infection of the host. The prediction of signature Pfam domains identified OGs containing glycoside hydrolases and peptidases. Significant over- or underrepresentation of evolutionary events was assessed using Fisher's exact test, and multiple testing correction was applied.

Complete information regarding all methods and material used for the analyses are reported in [supplementary additional file 2](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) ([Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online).

Results
=======

Protein Family Assignment
-------------------------

To systematically study the evolutionary dynamics of protein families in ten Stramenopile species, we classified the combined set of 148,744 predicted proteins into families (Materials and Methods). In total, 18,979 families were formed, and for 27,342 single sequences (singletons), no homology could be established.

Filtering for transposable elements resulted in the removal of 7,905 proteins representing 519 families and 267 singletons. Stramenopiles, in particular oomycetes and the brown alga *E. siliculosus*, contain a large and diverse repertoire of transposable elements ([@bib29]; [@bib59]; [@bib26]; [@bib10]). Relics of those have been observed in high abundance in the predicted proteomes and would have biased our analysis ([@bib51]). In total, this resulted in 45,535 families including 27,075 singletons ([supplementary additional file 3A](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Other large-scale studies conducted in closely related phyla revealed a comparable number of singletons per genome ([supplementary additional file 3B](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online) (see e.g., [@bib39]; [@bib10]). However, a direct comparison is not feasible because different species sets were used in the other studies. The remaining 18,459 multisequence families were used for tree reconciliation.

Species Phylogeny Utilizing Concatenated Single-Copy Genes
----------------------------------------------------------

The quality of tree reconciliation is highly dependent on a correct species phylogeny. Furthermore, individual gene trees do not necessarily reflect the true relationship between species. In order to elucidate a reliable species phylogeny, we concatenated multiple families of single-copy genes, that is, families with only one member in each of the ten species included in this study ([fig. 1](#fig1){ref-type="fig"}). We concatenated alignments of 189 single-copy families and inferred the species phylogeny using a maximum likelihood approach implemented in RAxML ([@bib54]). The robustness was assessed by 1,000 bootstrap replicates. The obtained species phylogeny is highly supported with bootstrap values \>95% for all nodes. It mostly resembles the known topology of the tree of life, clearly separating the pathogenic oomycetes from the nonpathogenic Stramenochromes. However, the exact relationships within the genus Peronosporales contradict previous studies that either grouped *P. sojae* and *P. infestans* ([@bib6]) or proposed the paraphyly of *Phytophthora* by grouping *P. infestans* as a sister taxa to *H. arabidopsidis* ([@bib49]). Our phylogenetic analysis revealed a closer relationship between *P. ramorum* and *P. sojae*, and we show that this topology is more parsimonious in reconciliation of evolutionary events; hence, it was used for all further analyses ([supplementary additional file 4A](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online).

![Maximum likelihood phylogeny of the analyzed Stramenopiles based on 189 concatenated marker families (branch lengths in "substitutions per site" are displayed in italics). The robustness of the topology was assessed using 1,000 bootstrap replicates (bold numbers).](gbeevs003f01_ht){#fig1}

Systematic Tree Reconciliation Guides Genome Reconstruction
-----------------------------------------------------------

We obtained a comprehensive and dynamic picture of Stramenopile genome evolution by projecting gene gains, duplications, as well as losses onto the species phylogeny ([fig. 2](#fig2){ref-type="fig"}). For each of the 18,459 families, we inferred maximum likelihood trees, reconciled these with the predicted species phylogeny of Stramenopiles, and subsequently formed 19,596 OGs that represent single genes either at the LSCA or at the respective point of gain of individual OGs. To appropriately describe the evolutionary events that can affect an OG, these groups can also contain genes that descend from a duplication event subsequent to the reference speciation event (LSCA in our case), so called in-paralogs: these genes are related to the other genes within the group with respect to the reference speciation event (LSCA) and are hence orthologous ([@bib20]; [@bib52]). Consequently, an OG can reflect single-copy orthologs, but also more complex 1:n, n:m relationships, and is used as such throughout the manuscript.

![Projected evolutionary events on the Stramenopile phylogeny. The number of evolutionary events, that is, gene gains, duplications, and losses, are projected onto each branch of the phylogeny. Pie charts indicate the relative contribution of novel or ancestral OGs to the total number of duplications. The heat map highlights the deviation of the number of events from the median of the class (gains, duplications, or losses). Predicted gene content of the ancestors, LSCA and first Stramenopile common ancestor, as well as of the extant taxa (excluding singletons and transposable elements) is displayed in terminal boxes, whereas the calculated change in gene content, that is, change in the number of genes per branch, is shown by bar charts.](gbeevs003f02_3c){#fig2}

Over 50% of OGs are present in the LSCA. We found homologs outside of Stramenopiles for 95% (∼9,750) of these groups, and hence, they predate the LSCA. Based on our data set, the reconstructed genome of the LSCA contained at least 10,280 genes and is consequently remarkably large compared with the genome content of the Stramenochromes. The genes present in the LSCA are enriched for basic cellular functions, like transcription and translation. It is striking to see that of the remaining gains, 30% is observed at the LCA of oomycetes and the LCA of the Pythium + Peronosporales clade (1,311 and 1,437, respectively); the highest number of gene gain observed at any branch (*P* value \< 0.01, Wilcoxon rank sum test \[one-sided\]). This demonstrates that gains, accompanied by duplications, have caused the increase in genome content of pathogenic oomycetes.

Despite the fact that Stramenochromes, unlike pathogenic oomycetes, show only small net changes in the number of encoded proteins ([fig. 2](#fig2){ref-type="fig"}), their genomes are not static. Similar to oomycete genomes, they are in constant flux: High numbers of duplications are balanced by an equally high number of losses. The contribution of individual duplications and losses on the same branch and the effect on the size of the OG could not have been observed with parsimony-based methods because many of these duplications and losses occur in the same OG on the same branch. Globally, we observed an average of 1.77 duplication and 2.06 losses per OG; however, only few OGs contribute to the majority of evolutionary events (e.g., members of the major facilitator superfamily or amino acid transporters).

To assess whether the observed duplication or loss events per individual branch deviate from the expected number, we calculated the relative frequency of these events per branch. Hence, we inferred branch length by estimating the relative divergence time of Stramenopiles using BEAST ([@bib15]) and artificially dating the LSCA to 100 units of time ([supplementary additional file 4B](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). We predicted the position of the root by adding the ciliate *Paramecium tetraurelia* as an outgroup species. Based on the cumulative branch lengths ([supplementary additional file 4B](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online) and the duplication and loss events ([fig. 2](#fig2){ref-type="fig"}), we estimated the relative frequency of duplications and losses to be 67 and 78 per unit of time, respectively. We contrasted the observed number of duplications/losses with expected numbers based on the global frequency and the length of the individual branch. The probability that the observed events deviate from the expectations was calculated using Poisson distribution. The abundance of observed duplications and losses significantly deviate from the expected number of events at each branch ([supplementary additional file 5](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Within the Peronosporales clade, duplications and losses are significantly higher than expected ([supplementary additional file 5](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online; duplications up to a maximum of ∼7-fold; 2.83 log~2~ fold), indicating an increased turnover of gene families in this clade. Interestingly, also at the LCA of Stramenochromes as well as the LCA of diatoms/golden-brown algae, the abundance of losses is significantly higher than expected, pointing to the contraction of OGs within the Stramenochromes.

A notable example of genome contraction is observed in the downy mildew *Hyaloperonospora arabidopsidis*. An accumulation of losses is accompanied by a lower number of duplication events. It is the only branch in the phylogeny where the majority of duplications occurs in lineage-specific groups. Hence, the *H. arabidopsidis* genome encodes a unique repertoire of expanded OGs, while at the same time, ancestral OGs, that is, OGs that were already gained before the point of duplications, were either completely lost or contracted in size.

The increased genome content of the extant oomycetes is mainly caused by three events: gains, continuous duplications at internal branches of the species phylogeny, and a high number of duplications at branches leading to the extant taxa, for example, *P. infestans*, *S. parasitica*, and *P. ultimum*. Duplications at the LCAs are in general of lower abundance and affect ancestral OGs. A notable exception is the observed accumulation of duplications at the LCA of *Phytophthora* spp. (2.83-fold (log~2~) higher than expected) ([fig. 2](#fig2){ref-type="fig"}; [supplementary additional file 5](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online); this is 1.5 times higher compared with the other duplications at internal branches. The increased number of duplications is even more pronounced when considering the relative number of duplication events per branch instead of the absolute abundance and hence points to a major duplication event in the evolution of the *Phytophthora* genus ([fig. 3](#fig3){ref-type="fig"} and [supplementary additional file 6](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online).

![Absolute and relative numbers of duplication events for *P. ramorum* and all its ancestors. The absolute number of duplications is displayed in blue, whereas the relative number of duplications (per unit of time) is shown in red. The gray bar represents the abundance of duplications (absolute and relative) including duplications occurring in lineage-specific OGs in *P. ramorum*.](gbeevs003f03_3c){#fig3}

Differences in the Evolutionary Dynamics of Biologically Distinct Functional Classes
------------------------------------------------------------------------------------

OGs can be assigned to functional classes by projecting the biological function of its individual proteins to the entire OG. We formed broad classes of functionally related OGs by transferring functional annotations from homologs based on the COG functional classification schema ([@bib58]) and from predictions, for example, signal peptides or host cell translocation motifs (RXLR and LXLFLAK) ([supplementary additional file 2](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). These broad functional classes behave strikingly different with respect to their evolutionary pattern of expansion (duplications) and contraction (losses): They are either significantly overrepresented or significantly underrepresented at various points in the evolution of Stramenopiles ([fig. 4](#fig4){ref-type="fig"} and [supplementary additional file 7](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online).

![Differences in evolutionary trajectories between distinct functional classes. Over- or underrepresentation of duplication events at distinct branches of the species phylogeny observed for different functional classes (abbreviation for COG classes are displayed behind the description). The heat map shows the fold (log~2~) enrichment/depletion in duplications (saturating at −2 and 2). Significance of the overrepresentation/underrepresentation was assessed using a Fisher\'s exact test (*P* \< 0.05), and multiple testing correction was addressed using a false discovery rate (*q* \< 0.05). Significant enrichment is indicated by \*; for both significant enrichment and depletion, see also [supplementary additional file 7A](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) ([Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online).](gbeevs003f04_3c){#fig4}

Overall, OGs belonging to COG "information processing and storage" or "cellular processes and signaling" have significantly more duplications at the LCA of oomycetes and within the Stramenochromes than at other branches. In contrast, OGs implied in host--pathogen interaction such as functional classes that contain RXLR and LXLFLAK motifs, secretion signals, as well as genes differentially expressed during infection of the host, predominantly expand within pathogenic oomycetes, both on internal as well as external branches. OGs containing predicted secreted proteins significantly expand at the LCA of *Phytophthora* spp. and throughout the genus, even though the analyzed Stramenopiles do not differ in absolute and relative size of the predicted secretomes ([supplementary additional file 1B](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online).

Pathogenicity is not the only characteristic that discriminates the analyzed oomycetes and Stramenochromes because Stramenochromes are plastid-harboring photosynthetic active organisms. This lifestyle difference is clearly reflected in the observed evolutionary pattern of OGs containing proteins with functional association to the chloroplast ([fig. 4](#fig4){ref-type="fig"}; [supplementary additional file 8](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Like the pathogenicity related OGs, these OGs are also highly dynamic in their evolution: They significantly expand at the LCAs within the Stramenochromes as well as at the branch leading to *A. anophagefferens* and significantly contract at the terminal branches and at the LCA of the diatoms. Interestingly, even though oomycetes do not harbor any plastids, we observed a considerable number of genes within the oomycete genomes that belong to ∼450 different chloroplast-associated OGs ([supplementary additional file 8](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). At the same time, as expected, losses of chloroplast-associated OGs are enriched at the LCA of oomycetes ([supplementary additional file 9](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online).

Notably, OGs related to signal transduction, defense and also transcription predominantly expand early in evolution. It has been previously noted that in prokaryotes, the major changes in regulation of transcription and signal transduction often occur at the origins of major lineages ([@bib13]). Our observations suggest a similar expansion within the Stramenopile lineage, which may hold true for other eukaryotes as well.

Moreover, OGs characterized as metabolism-related are enriched for duplications at all internal branches throughout the Stramenopiles. Interestingly, OGs related to carbohydrate as well as amino acid transport and metabolism significantly expand at the LCA of oomycetes or throughout the clade. Glycoside hydrolases belong to the class of CAZymes (carbohydrate-active enzymes), which contains proteins involved in synthesis and breakdown of carbohydrates that are found, for example, in the cell wall of both pathogen and host. It has been shown before that glycoside hydrolases are abundant in oomycetes and that the majority of those are potentially secreted (\>50%) ([@bib59]; [@bib44]; [@bib51]); however, the evolutionary history of expansion has so far not been uncovered.

Evolutionary Dynamics of Glycoside Hydrolases
---------------------------------------------

Our systematic analysis of the evolution of glycoside hydrolases revealed that individual OGs that are highly abundant in plant pathogenic oomycetes exhibit distinct evolutionary trajectories ([fig. 5*A*](#fig5){ref-type="fig"} and [supplementary additional file 10](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Ninety-four OGs are predicted to contain glycoside hydrolases; they cover a total of 1,005 proteins of which the majority (85%) is present in oomycetes (e.g., 179 in *P. infestans* and 214 in *P. sojae*) ([fig. 4](#fig4){ref-type="fig"}). The repertoire of glycoside hydrolases in oomycetes is dominated by a few large OGs such as, for example, exo-beta-1,3-glucanase (glycoside hydrolase family 17, GH17) ([fig. 5*A*](#fig5){ref-type="fig"}); ∼60% of all glycoside hydrolases in oomycetes belong to only ten OGs. The high abundance of proteins within OGs is not due to isolated duplication events on single branches but is instead caused by consecutive duplications along the internal branches of the oomycete phylogeny. In addition to the high abundance of lineage-specific duplications that are partially balanced by losses, we observed a pronounced accumulation of duplications at the LCA of Peronosporales and especially at the LCA of *Phytophthora* (66 duplication events).

![Global and local pattern of expansion and contraction of OGs containing glycoside hydrolase. (*A*) The reconciled evolutionary events are projected on the species phylogeny as well as the total abundance of hydrolases at each taxon (ancestral and extant). Heat maps on the different branches display the deviation from the median number of events (i.e., gains, duplications, or losses). The expansion and contraction pattern of the ten largest OGs is displayed next to the phylogeny by a heat map (expansion: yellow; contraction: blue; abundance of duplications/losses saturating at −4 and 4). (*B*) The number of proteins of two glycoside hydrolase families (OG199 and OG225) in individual species is shown in the table. A heat map displays the expansion and contraction pattern of these two families throughout oomycetes (expansion: yellow; contraction: blue; abundance of duplications/losses saturating at −4 and 4).](gbeevs003f05_3c){#fig5}

Extracellular hydrolases like the exo-beta-1,3-glucanase OG199 and OG225 are examples of OGs that are expanded in oomycetes and lost in Stramenochromes ([fig. 5*B*](#fig5){ref-type="fig"}). The expansion in *P. sojae* and *P. ramorum* within OG199 is mainly caused by lineage-specific expansion as well as early duplications followed by subsequent losses in *H. arabidopsidis* and *P. infestans*. In contrast, the expansion of OG225 is dominated by consecutive duplications that occur late in evolution, mainly at the LCA of Peronosporales, the LCA of *Phytophthora*, and lineage specific within *P. sojae*. These duplications are balanced by subsequent losses in all extant Peronosporales. Even though these OGs share similar biological functions, their high abundance, especially in the *Phytophthora* spp., is caused by different evolutionary trajectories ([fig. 5*B*](#fig5){ref-type="fig"}).

These OGs do not only differ in their individual evolutionary trajectories but also the whole repertoire of glycoside hydrolases displays a different global pattern of expansion and contraction compared with other functional classes. Another class of highly abundant enzymes in pathogenic oomycetes that have a potential role during infection are peptidases ([@bib59]; [@bib26]). Whereas the LSCA contains only few glycoside hydrolases (33% of the repertoire observed in *P. sojae*), many peptidases are already present at the LSCA (225 OGs), and the repertoire of the extant taxa is either of similar size or reduced ([supplementary additional file 11](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Nevertheless, these peptidase OGs are not static but in constant flux. We demonstrated that pathogenicity related functional classes evolve along different, even opposing trajectories, while still resulting in the observed high abundance in the present-day pathogenic oomycetes.

Discussion
==========

What are the evolutionary events that caused the expansion of OGs in pathogenic oomycetes, and when and how did the dynamic processes that shaped the genome content of these species take place? To address these questions, we systematically studied evolutionary events directly inferred from phylogenetic analysis and tree reconciliation.

Initial work on gene family evolution in Stramenopiles and in particular in pathogenic oomycetes has been limited to a few species and was based on parsimony methods to reconstruct gain and losses of gene families ([@bib39]; [@bib10]). The expansion of families was inferred based on differences in the presence/absence and abundance pattern between species ([@bib59]; [@bib39]; [@bib26]; [@bib5]; [@bib36]; [@bib51]). These analyses already provided initial insights into the genome evolution and led to the identification of large gene families that are implied to play a role in host--pathogen interaction. However, the evolutionary trajectories, that is, the patterns of gene gain, duplications, and losses that caused this abundance were not yet systematically analyzed. This study is an additional step toward uncovering these dynamics by a comprehensive phylogenetic analysis and subsequent tree reconciliation of ten Stramenopiles including six pathogenic oomycetes revealing the patterns of gene gains, duplications, and losses that caused this large gene families.

We reconciled the phylome constituted by 18,459 individual protein trees sampled from ten Stramenopiles with a species phylogeny derived by concatenating 189 single-copy genes ([fig. 1](#fig1){ref-type="fig"}). The species phylogeny is highly supported and mainly resembles the known topology of the tree of life. It should be noted that the exact topology of the three *Phytophthora* spp. contradicts the topology published by [@bib6] that suggested a close association of *P. sojae* with *P. infestans*. However, these authors also tested alternatives and concluded that they could not significantly reject the topology in which *P. sojae* and *P. ramorum* are closely associated, a grouping that we predict in this study with high support. The number of evolutionary events derived by reconciliation with the topology proposed by [@bib6] is higher (2,900 events), and hence, our topology is more parsimonious ([supplementary additional file 4A](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). In most cases, reconciliation with either topology did not result in major differences, whereas in some cases, the numbers of evolutionary events are even more pronounced with the topology proposed by [@bib6], for example, in the case of the accumulation of duplications at the LCA of *Phytophthora* spp. Recently, [@bib49] proposed a topology that places *H. arabidopsidis* as a sister taxon to *P. infestans*. It has been previously indicated that some clades of *Phytophthora* are paraphyletic with respect to the downy mildews ([@bib12]; [@bib23]); however, our reconstructed species phylogeny groups all three analyzed *Phytophthora* spp. in a single cluster. The number of evolutionary events derived by tree reconciliation with the topology proposed by [@bib49] is much (∼7,200 events) higher than our more parsimonious topology ([supplementary additional file 12](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). The disagreement between our topology and the two alternatives does not mean that these alternatives are wrong. Nevertheless, we preferred to use the phylogeny that was reconstructed from our concatenated alignment containing 189 loci. When reconciling a large number of gene families, this topology is the most parsimonious and hence conservative, therefore further supporting our choice.

A comprehensive and dynamic picture of the genome evolution in Stramenopiles was obtained by projecting gene gains, duplications, and losses that were derived by reconciliation of the phylome onto the species phylogeny ([fig. 2](#fig2){ref-type="fig"}). Our analysis demonstrates that throughout evolution, the genomes of Stramenopiles are not static but in constant flux; a dynamic that is at least partially disguised by parsimonious-based methods when duplications and losses occurred in the same OG at the same branch. Whereas the genome content of Stramenochromes is of comparable size to the LSCA, genomes of pathogenic oomycetes have been growing by gains and by continuous duplications on both the internal as well as the terminal branches. The LSCA is large and contained ∼10,000 genes of which the majority predate the LSCA.

Some of these genes might have not transferred vertically but instead descend from a horizontal gene transfer (HGT). Consequently, we may overestimate the number of genes in the LSCA, introduce unnecessary losses in the derived lineages, and underestimate gains in internal branches. So far, there are only few comprehensive studies that have investigated the fraction of HGTs in Stramenopiles from origins, such as bacteria or eukaryotes ([@bib46], [@bib48]; [@bib47]; [@bib42]). A recent analysis of HGT between fungi and oomycetes has revealed 34 high-confidence HGTs that together contributed to up to ∼8% of the secretome of *P. ramorum* and hence to plant parasitic mechanisms of oomycetes ([@bib48]). Indeed, one of their discussed examples, a sugar transporter called *AraJ* ([@bib46], [@bib48]), is annotated as ancestral (gained at the LSCA or before) in our analysis*.* More quantitatively, if we consider all OGs that consistently have their best blast hits to eukaryotes or bacteria as potential sources of HGT, only a minority (excluding singletons because these are not considered in our reconstruction) is specific to either oomycetes or Stramenochromes ([supplementary additional file 13](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). These are the only cases where an erroneous placement of the gains at the LSCA could influence our results because OGs that have members in both lineages will be invariably placed at the LCSA. These numbers are of course upper limits because real losses of ancestral OGs at either ancestor of the two lineages also occur or are included in the reported numbers ([supplementary additional file 13](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Consequently, the quantitative influence of these events to our analysis is marginal, even though it highlights the mosaic nature of the analyzed species.

The interpretation of the inferred gene content of LSCA and the genome evolution of Stramenopiles also depends on the contribution of the plastid to their gene content. If the LCA contained a plastid, as proposed by the Chromalveolate hypothesis ([@bib7]; [@bib33]), then our estimated size of the LSCA as well as the derived evolutionary events do not change ([fig. 2](#fig2){ref-type="fig"}). However, our results would be affected if the acquisition of the plastid by the photosynthetic Stramenochromes occurred after the speciation of oomycetes as suggested by the SEEE hypothesis ([@bib8]; [@bib3]; [@bib4]). If the plastid endosymbiosis mainly affected chloroplast-associated genes, we would slightly overestimate the size of the LSCA by 295 genes (2.8%) and an equivalent number of losses and gains at the branches leading to oomycetes and Stramenochromes ([supplementary additional file 8](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). However, if the plastid endosymbiosis contributed a wide array of cellular functions to the Stramenochrome ancestor, we would overestimate the size of the LSCA by up to 2,300 genes ([fig. 2](#fig2){ref-type="fig"}). This number has to be seen as the upper limit because we obtained it by assuming that every OG that we inferred to be lost at the branch leading to oomycetes has descended from the plastid endosymbiosis ([fig. 2](#fig2){ref-type="fig"}). In contradiction to the SEEE hypothesis, we observed 432 OGs that are chloroplast-associated and retained in the genomes of both nonphotosynthetic oomycetes and Stramenochromes since the LSCA ([supplementary additional file 8](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Similarly, 88 and 14 oomycete-specific OGs have their best blast hits in green and red algae genomes, respectively ([supplementary additional file 13](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). These results, together with studies by others ([@bib2]; [@bib59]; [@bib40]), seem to slightly favor the early acquisition of the plastid before the speciation of Stramenochromes and oomycetes. However, recent molecular data support a more complex scenario and later acquisition of the plastid thereby rejecting the Chromalveolate hypothesis ([@bib56]; [@bib4]; [@bib19]; [@bib62]). Nevertheless, our results do not change dramatically and are hence independent of the precise history of the plastid. Dedicated future research, also facilitated by additional genomes from related lineages, will gather additional evidence for either of the two hypotheses and thereby shed light on this controversially discussed event and hence also on our reconstructions.

The massive accumulation of duplications at the LCA of *Phytophthora* spp. points to a large-scale duplication event ([fig. 3](#fig3){ref-type="fig"}; [supplementary additional file 6](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). It has been postulated that the accumulation of duplications at a constrained point in time can be indicative for duplications that affect either large parts of the genome or the whole genome ([@bib41]; [@bib27]; [@bib34]; [@bib30]). This accumulation of duplication events was already observed earlier by Martens and colleagues who used an independent method to time the age of paralogs in *Phytophthora* spp. ([@bib38]). The usage of additional outgroup species allows us to more precisely estimate the time of these events, which seem to have happened after the speciation of *H. arabidopsidis* and before the radiation of *Phytophthora* spp. Nevertheless, the usage of the less parsimonious topology of the analyzed Peronosporales proposed by [@bib49] introduces an accumulation of duplications at the LCA of Peronosporales ([supplementary additional file 12](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Hence, if this proposed topology is correct, it is tempting to speculate that the analyzed Peronosporales shared this large-scale duplication event. Considering our predicted topology, such an earlier timing of this event could also be possible; the genome contraction of *H. arabidopsidis* might lead to the loss of both duplicates and hence at least partially obscure events happening at the LCA of Peronosporales. Nevertheless, neither the analysis performed by Martens and colleagues nor ours is able to elucidate the exact mode of expansion because of the lack of long-distance intra-species collinearity of genes. Alternative scenarios, such as segmental duplications that occurred at a constrained point in time followed by reorganization, are at least equally likely, especially given the observed dynamics in genome organization of *Phytophthora* spp. and the genome contraction in *H. arabidopsidis*. Independent of the underlying mechanism, this coordinated expansion of gene families marks a major transition point in their evolution. Together with subsequent lineage-specific losses, the expansion could be the driving force of the speciation and adaptation to different hosts within the *Phytophthora* genus (or even within the Peronosporales); a process that has been proposed before for other organisms, such as yeast ([@bib34]) or plants ([@bib30]).

The number of duplications and losses events at each branch is determined by tree reconciliation. This procedure is not only dependent on a reliable species phylogeny, but also on the alignment as well as the gene tree, or in this case, protein tree. Erroneously inferred protein trees, either based on inaccurate alignments or due to biases in the tree predictions itself, will artificially increase the number of duplications at internal branches and losses at terminal branches of the tree. To address if the incorporation of low-quality alignments in our analysis interferes with our main results, we divided the families into high-quality and low-quality alignments (see [supplementary additional files 2](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) and [16A](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). If we remove the 477 families and their derived OGs that have a low-quality alignment in our analysis, we observe that the absolute numbers of evolutionary events decrease as the analysis is now based on less data ([supplementary additional file 16B](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). More importantly, the relative numbers and the major trends observed in our analysis, such as the accumulation of duplication in the common ancestor of *Phytophthora* spp., are independent of the exclusion of the lower quality alignments ([supplementary additional file 16B](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Consequently, our results are robust to the possible bias introduced by the retention of the full set of families. To reduce the possible bias in the tree prediction and to apply an explicit model of evolution, we used a maximum likelihood method to predict the tree topology of the protein trees. More importantly, we used NOTUNG ([@bib9]; [@bib17]) for tree reconciliation that allows to explicitly address this uncertainty in protein trees. NOTUNG allows the rearrangement of weakly supported parts of the tree topology to reduce the evolutionary events needed for reconciliation while keeping strongly supported parts fixed. Throughout this study, we used a bootstrap support of \>80% to indicate strongly supported clades of the protein trees. Hence, parts of the tree topology that are not supported with a bootstrap of at least 80% are rearranged to minimize evolutionary events. When we compared the results derived with \>80% cutoff to a less conservative cutoff of \>60%, leading to less rearrangement, we indeed observed more duplications at the internal branches and more losses at terminal branches, especially within oomycetes ([supplementary additional file 14A](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). When we applied an even stricter cutoff of \>90%, which resulted in more rearrangement, some duplications at the internal branches, for example, at the LCA of Stramenochromes and especially at the LCA of Peronosporales, were removed; consequently, fewer losses in the terminal taxa were introduced ([supplementary additional file 14B](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs003/-/DC1) online). Regardless of the choice of the cutoff (60%, 80%, or 90%), the changes in the abundance of the reconciled evolutionary events did not interfere with our global results indicating the robustness of our framework to this bias.

Our results are directly dependent on the availability, quality, and completeness of the predicted proteomes derived from the various sequenced genomes. The robustness of gene annotation has been observed to have only small effects on the analysis of gene family losses in related species ([@bib39]). In general, more sequenced genomes of closely related oomycetes, preferably sister taxa to the already existing genomes, would enable a more precise timing of the duplication events, especially at the terminal branches. Moreover, our analyses are currently limited to pathogenic oomycetes. Including sequenced genomes of saprophytic species would elucidate whether evolutionary events at the LCA of oomycetes are specific to pathogenic oomycetes or are instead a general pattern for all oomycetes.

Conclusions
===========

We systematically analyzed the genome evolution of pathogenic oomycetes by reconciliation of the Stramenopile phylome with a highly supported species phylogeny. Our analysis uncovered that oomycete genomes, emanating from a common ancestor of Stramenopiles that had a rather large genome encoding for ∼10,000 genes, were growing by continuous duplications that predominantly affected ancestral OGs. The massive accumulation of duplication events at the LCA of the *Phytophthora* genus suggests a large-scale duplication event that predates the speciation and hence might be driving the adaptive radiation within this genus. Different functional classes have distinct evolutionary trajectories: not only between classes but also within a single class. Different evolutionary trajectories are proposed to lead to the observed abundance of pathogenicity-related functional classes, for example, glycoside hydrolases and peptidases, an observation that was not yet apparent by previous analyses. Consequently, we unveiled both large-scale evolutionary processes that shape the genomes of extant oomycetes as well as the complex evolution trajectories that lead to highly abundant gene families in this important class of pathogens.
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